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1.0  INTRODUCTION 


Turbomachinery  components  in  jet  engines  are  becoming  extremely  complex  and 
highly  three  dimensional  in  an  effort  to  achieve  increased  performance  over  a  wide  range 
of  operating  conditions.  Evaluation  of  these  advanced  designs  requires  improved 
understanding  of  the  flow  behavior,  and  advanced  diagnostic  techniques  are  needed  to 
acquire  the  desired  benchmark  experimental  data.  These  new  measurement  capabilities 
must  be  pursued  in  conjunction  with  design-system  improvements  to  meet  future 
propulsion-system  requirements. 

The  aerodynamic  and  aeroelastic  performance  of  turbomachinery  blades  and 
vanes  is  dependent  on  steady-state  and  transient  surface-pressure  distributions.  Adverse 
pressure  gradients  and  large-amplitude  fluctuations  can  lead  to  unacceptable  aerodynamic 
and  aeroelastic  instabilities.  Currently,  blade-mounted  pressure  transducers  are  used  to 
measure  surface  pressure.  However,  such  transducers  cover  a  limited  region  (<  5%)  of 
the  blade  surface  and  result  in  some  compromise  to  the  structural  integrity  of  the  blade. 
Typically  these  transducers  have  limited  reliability  in  full-scale  turbomachineiy 
environments.  For  these  reasons,  improved  blade-surface  pressure-measurement 
techniques  are  needed  to  aid  the  understanding  of  flow  behavior  in  Uirbomachinery 
components. 

A  relatively  new  technique  that  employs  the  tools  of  molecular  spectroscopy  to 
measure  pressures  optically  is  the  subject  of  this  thesis.  Measurements  are  made  via 
photoluminescent  oxygen-sensitive  molecules  attached  to  the  surface  of  interest  as  a 
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coating,  or  paint;  hence,  the  technology  is  referred  to  as  pressure-sensitive  paint  (PSP). 
Although  a  number  of  PSPs  are  currently  available  they  were  engineered  for  use  in 
stationary  wind-tunnel  tests  and  do  not  meet  the  pressure  and  temperature  requirements  of 
turbomachinery  applications.  The  objective  of  this  research  effort  was  to  develop  a  PSP 
suitable  for  the  turbomachinery  environment  and  to  demonstrate  the  measurement 
technique  for  turbomachinery  applications.  Technical  challenges,  aside  from 
development  of  the  paint,  involve  the  crucial  alignment  of  data  images  and  the 
temperature  correction  of  the  PSP  data.  Proper  alignment  of  the  reference-  and  test- 
condition  images  and  the  application  of  a  field-temperature  correction  are  the  keys  to 
extracting  quantitative  data  from  the  PSP. 

This  thesis  begins  with  a  brief  discussion  of  the  theory  of  luminescence  and 
dynamic  quenching,  followed  by  a  presentation  of  the  general  methods  of  acquiring  data 
from  the  oxygen-sensitive  molecules  (lumiphores).  Subsequent  sections  discuss  the 
establishment  of  paint-performance  requirements  for  turbomachinery  applications, 
procedures  for  evaluating  various  paints,  and  performance  results  of  the  paints  developed 
during  this  research  effort.  The  remaining  sections  will  describe  application  of  the 
developed  technology  to  a  state-of-the-art  transonic  compressor  as  well  as  the  techniques 
used  to  align  the  reference  and  wind-on  images  and  to  correct  for  temperature  effects. 
Quantitative  results  acquired  from  the  suction  surface  of  the  first-stage  rotor  operating  at 
85%  Nc,  at  the  peak-efficiency  condition  will  be  presented  for  both  the  temperature- 
sensitive  paint  (TSP)  and  the  PSP.  These  results  will  be  discussed  and  future  work 
planned  for  this  research  area  will  be  identified. 
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2.0  BACKGROUND 


Photoluminescence  was  first  used  as  a  tool  for  flow  visualization  in  1980  by 
Peterson  and  Fitzgerald  (1).  Unfortunately,  the  significance  of  the  experiment  was 
dismissed  because  the  oxygen  sensitivity  of  the  fluorescent  dye  and  the  oxygen 
permeability  of  the  binding  medium  were  poor.  Over  the  following  decade,  paint 
performance  improved,  charge-couple-device  (CCD)  cameras  evolved,  and  digital 
hardware  advanced  to  a  level  where  the  use  of  photoluminescence  to  obtain  optical 
surface-pressure  measurements  became  practical. 

Early  developments  of  the  pressure-sensitive  paint  (PSP)  technique  were  initiated 
at  the  Central  Aero-Hydrodynamics  Institute  in  Moscow  (TsAGI)  and  the  University  of 
Moscow  in  the  mid-1980’s  (2,3,4).  TsAGI  developed  a  commercial  PSP  system  jointly 
with  the  Italian  firm  INTECO  (5,6).  European  researchers  such  as  the  Deutsche 
Forschungsanstalt  fur  Luft-  und  Raumfahrt  e.V.  (DLR)  began  PSP  efforts  using  the 
INTECO  system  but  have  since  initiated  an  independent  PSP  program  (7,8).  Also, 
TsAGI  recently  formed  OPTROD,  Ltd.,  to  market  their  paint  formulations  (9,10)  in  an 
operation  separate  from  INTECO.  Other  independent  PSP  efforts  in  Europe  now  include 
Rolls  Royce  (11)  and  the  Office  National  d’Etudes  et  de  Recherches  Acrospatiales 
(ONERA)(12). 

In  the  United  States,  McLaughlan  and  Bell  at  NASA  Ames  Research  Center,  in 
collaboration  the  University  of  Washington,  have  made  contributions  to  development  of 
the  technique  since  the  late  1980’s  (13-18).  Efforts  were  also  initiated  at  McDonnell 
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Douglas  Aerospace  in  1990  (19,20^1),  and  Purdue  University  (22,23,24)  and  NASA 
Langley  (25,26,27)  began  PSP  development  efforts  in  the  early  1990’s.  In  the  mid-1990’s 
the  University  of  Horida  branched  out  of  the  McDonnell  Douglas  program  (28,29). 
Around  this  time,  Arnold  Engineering  and  Development  Center  (AEDQ  (30),  Wright 
Laboratory  (WL)  (31),  and  NASA  Lewis  (32)  initiated  paint  programs.  Of  all  the  PSP 
efforts  mentioned,  WL  and  Purdue  are  the  only  programs  which  address  PSP 
development  for  advanced  turbomachinery  applications.  Undoubtedly  many  of 
organizations  are  not  mentioned  here  which  have  either  used  the  PSP  technique  through 
collaboration  with  one  of  the  above  organizations  or  initiated  independent  programs. 
Certainly  the  number  of  institutions  which  are  interested  in  PSP  is  increasing  because  of 
the  attractiveness  of  the  high-resolution,  low-cost  measurement. 

3.0  MEASUREMENT  CONCEPTS 

Knowledge  of  the  reversible  relationship  that  exists  between  the  luminescence  of 
particular  molecules  and  the  oxygen  concentration  dates  back  to  the  late  1930’s  (33). 
Since  the  measured  oxygen  concentration  is  directly  related  to  the  partial  pressure  of  air  at 
a  given  temperature,  pressure  can  be  accurately  detennined  based  upon  the  luminescence 
behavior  of  these  molecules.  Although  this  tool  has  been  used  primarily  in  the 
biomedical  field,  engineers  now  apply  the  technology  to  aerodynamic  surfaces  to  acquire 
global  pressure  measurements  under  test  conditions.  To  date,  numerous  studies  have 
been  conducted  in  efforts  to  better  understand  and  utilize  luminescence  quenching.  A 
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discussion  of  the  relationship  among  these  luminescent  molecules,  oxygen  concentration, 
and  local  pressure  is  in  order. 

3.1  Luminescence 

Two  luminescence  processes,  phosphorescence  and  fluorescence,  can  be  effectively 
utilized  to  quantitate  oxygen.  Each  of  these  is  described  in  the  context  of  the  Jablonski 
energy-level  diagram  for  a  typical  lumiphore,  as  depicted  in  Fig.  3.1  (34).  This  diagram 
is  arranged  to  display  electronic  and  vibrational  energy  levels,  with  lower  energy  states 
appearing  at  the  bottom  of  the  figure  and  higher  energy  states  appearing  at  the  top. 
Relevant  photophysical  processes  associated  with  a  typical  pressure-measurement 
sequence  can  be  described  through  the  use  of  this  diagram. 

Absorption  (a)  occurs  when  the  lumiphore  is  exposed  to  electromagnetic  radiation 
of  appropriate  energy  (i.e.,  frequency).  During  this  process  electrons  are  promoted  from 
the  ground  vibrational  state  of  the  So  electronic  manifold  to  excited  vibrational  states  in 
the  Si  and  S2  electronic  manifolds.  Higher  lying  excited  electronic  states  not  depicted  in 
Fig.  3.1  may  be  populated  as  well.  Once  it  exists  in  an  excited  state,  the  lumiphore  may 
undergo  a  number  of  processes  to  return  to  its  stable,  lowest  energy  configuration.  These 
deactivation  processes  can  be  broadly  grouped  into  two  general  categories:  1)  non- 
radiative  deactivation  processes  in  which  the  excess  energy  associated  with  the  absorbed 
photon  is  transferred  to  the  surrounding  medium,  and  2)  radiative  deactivation  processes 
in  which  the  excess  energy  is  emitted  as  light. 
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FIGURE  3.1  Jablonski  diagram  depicting  the  vibrational  and  electronic  states  and  the 
photophysical  processes  associated  with  a  typical  lumiphore. 


Immediately  following  the  absorption  or  excitation  event  (a),  the  excited 
lumiphore  relaxes  to  the  lowest  energy  vibrational  state  of  the  excited  electronic  state  (Si 
and/or  S2)  through  vibrational  relaxation  (b)  in  which  excess  vibrational  energy 
associated  with  the  lumiphore  is  transferred  to  the  thermal  motion  of  the  surrounding 
medium.  Vibrational  relaxation  in  the  S2  manifold  (or  in  higher  lying  excited  electronic 
manifolds)  is  followed  by  internal  conversion  (c)  to  lower  lying  excited  electronic  states. 
This  non-radiative  process  couples  states  of  the  same  multiplicity  (multiplicity  describes 
the  number  of  unpaired  electrons  associated  with  a  particular  energy  state).  In  this 
example  Si  and  S2  are  singlet  states,  i.e.,  states  in  which  the  valence  electrons  are  fully 
paired.  Through  non-radiative  sequences  of  internal  conversion  and  vibrational 
relaxation,  the  excited  lumiphore  rapidly  relaxes  to  the  lowest  vibrational  state  of  the  Sr 
excited  electronic  state. 

From  this  energy  state  the  molecule  may  undergo  a  number  of  different  processes. 
Under  some  circumstances  internal  conversion  to  the  ground  electronic  state.  So,  with 
subsequent  vibrational  relaxation  is  an  important  deactivation  mechanism.  However, 
fluorescence  (d)  and  external  conversion  (e)  through  dynamic  quenching  are  the  key 
processes  associated  with  measurements  based  on  PSPs.  Fluorescence  is  a  luminescence 
process  that  couples  states  of  the  same  multiplicity.  During  this  process  excess  energy  is 
emitted  as  photons  to  yield  lumiphores  in  the  ground  electronic  manifold.  External 
conversion  is  a  non-radiative  process  that  competes  with  fluorescence  for  deactivation  of 
the  Si  excited  electronic  state.  External  conversion  through  dynamic  quenching  occurs 
when  oxygen  molecules  collide  with  the  excited  lumiphore,  and  energy  is  transferred 
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from  the  lumiphoie  to  the  oxygen-quenching  molecules.  The  competition  between 
fluorescence  and  external  conversion  (dynamic  quenching)  permits  the  quantiflcation  of 
oxygen. 

hi  addition  to  internal  conversion,  external  conversion,  and  fluorescence,  the  Sr 
excited  lumiphore  can  undergo  intersystem  crossing  (f)-a  process  in  which  the  excited 
singlet  state  couples  to  a  triplet  state,  Tj.  This  event  involves  a  change  in  multiplicity 
from  the  singlet  state  in  which  the  valence  electrons  are  fully  paired  to  a  triplet  state  in 
which  two  electrons  are  unpaired.  The  vibrationally  relaxed  Ti  state  can  couple  to  So 
through  intersystem  crossing,  external  conversion  (dynamic  quenching),  or 
phosphorescence  (g).  The  first  two  processes  are  non-radiative,  while  the  last  involves 
photon  emission.  Once  again,  the  competition  between  dynamic  oxygen  quenching  and 
phosphorescence  can  be  used  to  quantitate  oxygen  concentration. 

It  is  important  to  note  that  the  Jablonski  diagram  and  the  photophysical  processes 
identified  in  this  discussion  best  describe  the  characteristics  of  “well-behaved”  organic 
lumiphores  in  liquid  solution.  While  it  provides  an  excellent  description  of  the 
spectroscopic  behavior  of  luminescent  molecules,  this  model  should  be  applied  with 
caution  to  the  prediction  of  the  behavior  of  specific  PSP  formulations.  Organometallic 
lumiphores  immobilized  in  solid  matrices  can  display  somewhat  different  characteristics. 

3.2  Fluorescence  vs.  Phosphorescence 

Clearly,  several  important  differences  exist  in  the  underlying  photophysics 
associated  with  fluorescence  and  phosphorescence.  Specific  differences  in  these  processes 
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involve  timescales,  sensitivities  to  dynamic  quenching,  sensitivities  to  temperature,  and 
spectral-emission  characteristics.  Each  of  these  luminescence  processes  has  advantages 
and  disadvantages  when  utilized  for  optical  pressure  measurements. 

The  events  that  result  in  fluorescence  emission  involve  fully  allowed 
spectroscopic  transitions  that  occur  between  states  of  the  same  multiplicity.  As  a  result, 
the  timescale  for  spontaneous  fluorescence  typically  ranges  from  10"'®  to  lO"^  s. 
Phosphorescence,  on  the  other  hand,  involves  transitions  that  require  a  change  in 
multiplicity  and  are,  therefore,  quantum-mechanically  forbidden.  Phosphorescence 
occurs  on  a  timescale  ranging  from  10"^  to  1  O'*  s  as  a  consequence  of  this  spectroscopic 
restriction.  This  enormous  difference  in  emission  timescales  has  significant  implications 
for  the  application  of  optical  pressure-measurement  techniques  to  the  study  of  transient  or 
unsteady  phenomena.  It  is  also  important  to  note  the  effects  of  differences  in  dynamic 
quenching  on  these  processes.  Quenching  deactivates  Si  to  compete  with  fluorescence 
and  deactivates  Ti  to  compete  with  phosphorescence.  Because  of  the  long  timescales 
associated  with  phosphorescence,  dynamic  quenching  that  occurs  at  a  given  bimolecular 
quenching  rate  has  a  more  pronounced  effect  on  a  phosphorescence  signal  than  on  a 
fluorescence  signal.  The  long  lifetime  of  the  Ti-excited  electronic  state  increases  the 
likelihood  that  quenching  collisions  will  take  place,  fa  other  words,  quenching  competes 
more  effectively  with  the  slower  phosphorescence  process  than  with  the  faster 
fluorescence  process.  This  lifetime  dependence  is  treated  formally  in  the  Stem-Volmer 
kinetic  model  described  below. 
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These  differences  in  sensitivity  to  dynamic  quenching  have  two  important 
implications.  First,  phosphorescence  measurements  of  oxygen-and,  therefore,  pressure- 
are  more  sensitive  than  fluorescence  measurements.  For  a  given  change  in  oxygen 
concentration,  the  change  in  phosphorescence  intensity  is  greater  than  that  in  fluorescence 
intensity.  As  a  result,  phosphorescence  measurements  permit  the  experimental  resolution 
of  smaller  changes  in  absolute  pressure.  The  second  implication  involves  the  effects  of 
temperature  on  the  two  processes.  Dynamic  quenching  rates  increase  with  temperature. 
As  a  result  phosphorescence,  which  is  more  sensitive  to  dynaimc  quenching,  is  also  more 
sensitive  to  fluctuations  in  temperature.  In  a  paint  formulation  designed  for  the 
measurement  of  temperature  fields,  this  is  a  desirable  quality;  however,  this  increased 
sensitivity  to  temperature  can  be  problematic  when  making  pressure  measurements  with  a 
phosphorescence-based  paint,  as  noted  above. 

Differences  in  timescale  and  dynamic-quenching  sensitivity  must  be  considered 
when  designing  a  pressure-sensitive  measurement  scheme.  In  fact,  the  selection  of  a 
luminescence  process  for  a  particular  pressure  measurement  will  likely  involve  a  tradeoff 
between  optimizing  pressure  sensitivity  (phosphorescence)  and  time  response 
(fluorescence).  In  the  case  of  turbomachinery  applications,  the  timescales  associated  with 
phosphorescence  are  incompatible  with  the  timing  schemes  required  to  stop  the  rotating 
image:  as  will  be  discussed  in  a  later  section 
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4.0  MEASUREMENT  TECHNIQUES 


The  effects  of  dynamic  oxygen  quenching  on  luminescence  emission  are  evident 
in  both  the  intensity  and  the  duration  of  the  observed  fluorescence  or  phosphorescence 
signal.  Figure  4.1  demonstrates  the  time-resolved  effects  of  pressures  (10  -  175  kPa)  on 
the  fluorescence  from  a  PSP  employing  pyrene.  A  dramatic  change  in  fluorescence 
lifetime  and  integrated  intensities  with  increasing  pressure  is  observed  in  the  raw  signals. 
In  practice,  either  the  intensity  or  the  lifetime  of  luminescence  emission  can  be  employed 
to  quantitate  oxygen  concentration. 

4.1  Luminescence  Intensity 

Traditionally,  an  intensity-based  measurement  method  has  been  used  to  acquire 
PSP  data  because  two-dimensional  information  can  be  obtained  with  a  simple  setup.  In 
an  intensity-based  Stem-Volmer  model,  the  effects  of  dynamic  oxygen  quenching  on  the 
luminescence  intensity  of  a  photoexcited  probe  molecule  are  described  by: 

y  =  l+'fA  ») 

where  I  is  the  measured  luminescence  intensity,  Iq  is  the  luminescence  intensity  in  the 
absence  of  oxygen  quenching,  PQt  is  the  partial  pressure  of  oxygen,  and  Kq  is  the  Stem- 
Volmer  constant.  The  first  step  in  applying  this  model  to  practical  measurements 
involves  recording  the  luminescence  lifetime  as  a  function  of  oxygen  concentration  under 
controlled  conditions  to  calibrate  the  model  and  extract  a  value  for  Kq,  which  represents 
the  sensitivity  of  the  measurement. 
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Figure  4.1  Time-resolved  fluorescence  signals  from  a  PSP  employing  pyrene. 


Analysis  of  the  Stem-Volmer  kinetic  model  reveals  that  the  Stera-Volmer 
constant,  Kq,  is  given  by  the  product  of  the  unquenched  luminescence  lifetime,  tq,  of  the 
selected  lumiphore  and  the  bimolecular  collisional  quenching  rate,  kq: 

(2) 


This  observation  quantitatively  describes  the  dependence  of  the  dynamic  quenching 
sensitivity  on  the  luminescence  lifetime  and  explains  the  difference  in  the  sensitivity  of 
fluorescence  and  phosphorescence.  Because  fluorescence  lifetimes  are  shorter,  Kq  is 
smaller  and  fluorescence  is  less  sensitive  to  dynamic  quenching. 

In  the  application  of  a  Stem-Volmer  model  to  the  performance  of  pressure-field 
measurements,  the  luminescence  intensity  at  a  reference  condition,  Iref,  must  be 
determined.  This  reference  intensity  is  typically  acquired  over  the  surface  of  interest 
under  quiescent  conditions  at  1  atm,  Pref.  and  is  commonly  referred  to  as  the  “wind-off’ 
condition.  When  the  luminescence  intensity  at  a  given  test  condition,  I,  is  measured  over 
the  area  of  interest  (“wind-on”  image),  the  ratio  of  the  measured  intensities  yields  the 
desired  pressure  information: 


/ 


(3) 


The  ratio  of  the  luminescence  intensities  I  and  Iref  not  only  provides  the  desired  pressure 
data  but  also  effectively  eliminates  signal  dependence  associated  with  non-uniformities  in 
lumiphore  concentration  and  illumination.  Intensities  are  generally  sampled  over  the  area 
of  interest  using  some  type  of  detector  array  such  as  a  charge-coupled-device  (CCD) 
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camera.  The  output  of  the  array  can  be  visually  represented  as  an  image,  with  the 
luminescence  intensity  displayed  in  pseudo-color  or  gray  scale. 

When  this  technique  is  used  to  measure  the  pressure  on  aerodynamic  surfaces, 
model  displacement  often  occurs  between  acquisition  of  the  reference-  (“wind-ofF’)  and 
test-  (“wind-on”)  condition  images.  Thus,  one  of  the  most  important  requirements 
associated  with  intensity-based  pressure  measurements  is  careful  alignment  of  these  two 
images  before  the  luminescence-intensity  values  are  ratioed.  Correct  alignment  can  be 
achieved  through  the  use  of  small  circular  marks  placed  directly  on  the  model;  these 
marks  are  visible  in  both  the  reference  and  test  images.  After  alignment  is  complete,  the 
image-intensity  ratio  is  determined,  equation  3  is  applied,  and  the  pressure  is  evaluated 
over  the  entire  image  plane  on  a  pixel-by-pixel  basis. 

4.2  Luminescence  Lifetime 

As  mentioned  previously,  oxygen  concentration  can  also  be  quantified  based  upon 
the  lifetime  of  the  lumiphore.  In  this  case  the  luminescence  lifetime  can  be  determined  by 
using  a  pulsed  light  source  and  recording  the  observed  luminescence  as  a  function  of  time 
(time-resolved  measurement).  Alternatively,  an  amplitude-modulated  light  source  can  be 
employed  and  the  lifetime  extracted  from  frequency-domain  measurements  of  the 
luminescence  intensity  (phase-resolved  measurement).  In  either  case,  the  relevant  Stem- 
Volmer  kinetic  model  based  upon  lifetime  measurements  is  represented  by  equations  4 
and  5: 
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(4) 


(5) 


where  x,  to,  and  tref  are  luminescence  lifetimes  under  the  test  condition,  in  the  absence  of 
quenching,  and  at  Pref.  respectively  (Kq  was  discussed  previously).  The  advantage  of  the 
lifetime  technique  over  intensity-based  measurements  is  that  since  the  measured  decay 
time  is  independent  of  variations  in  paint  thickness  and  illumination,  a  wind-off  reference 
condition  is  not  required  which  simplifies  post-processing.  A  potential  disadvantage  is 
the  complexity  associated  with  acquiring  time-  or  frequency-domain  data.  Lifetime-based 
measurements  are  typically  limited  to  a  time-correlated  single-point  measurement 
(22,23,24);  however,  a  new  lifetime-based  technique  which  utilizes  two  imaging 
detectors  to  achieve  two-dimensional  measurements  is  currently  under  development  at 
Wright  Laboratory.  Since  this  new  technique  is  not  yet  well  established,  the  traditional 
intensity  method  for  acquiring  two-dimensional  measurements  was  used  in  the  present 
study. 


5.0  PAINT  DEVELOPMENT  FOR 

TURBOMACHINERY  APPLICATIONS 

Based  upon  previous  experience  using  PSP  in  rotors  (discussed  in  Appendix  A),  it 
was  recognized  that  the  goal  of  extending  the  usefulness  of  this  new  measurement 
technique  to  steady-state  applications  in  turbomachinery  could  not  be  achieved  until  paint 
performance  was  improved.  Needed  improvements  included  the  extension  of  the 
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operational  pressure  and  temperature  range— with  adequate  pressure  resolution  to  resolve 
flow  phenomena-  The  paint  was  also  required  to  have  minimal  temperature  sensitivity,  to 
adhere  to  the  blade,  and  to  provide  an  adequate  signal-to-noise  ratio  (SNR).  The  response 
time  of  the  paint  also  became  an  issue  for  transient  applications.  Table  5.1  shows  the 
design  condition  of  a  full-scale  transonic  compressor  (35).  In  the  following  paragraphs, 
the  paint-performance  requirements  for  acquiring  quantitative  data  from  the  first  stage  of 
this  state-of-the-art  transonic  compressor  are  identified. 

5.1  Luminescent  Decay  Time 

The  first  requirement  involves  the  fluorescent  decay  time  (or  lifetime)  of  the  paint. 
This  issue  surfaces  when  the  application  requires  critical  timing,  as  with  turbomachinery 
or  when  the  flow  phenomenon  is  transient,  or  both.  In  the  case  where  a  rotating  image 
must  be  stopped,  it  is  important  to  know  the  time  required  between  excitation  and  the 
requisite  data  acquisition  as  well  as  the  luminescent  decay  time  of  the  paint.  It  is 
desirable  that  the  lifetime  of  the  signal  be  approximately  equal  to  the  data-acquisition 
window  (gate  time)  for  maximizing  the  signal.  On  the  other  hand,  the  gate  time  must  be 
sufficiently  small  to  stop  the  rotating  image.  The  gate  time  required  to  stop  the  blade 
motion  for  a  1-mm  spatial  resolution  is  -  2  ps,  as  calculated  in  Appendix  B.  Therefore, 
the  paint  in  this  particular  application  must  contain  fluorescent  compounds  (10'‘®  -  10'®) 
because  phosphorescent  lifetimes  (lO'^  -  10'*)  are  too  long  to  be  compatible  with  the 
timing  requirements  for  the  intended  rotor  application. 


16 


17 


5.2  Pressure  and  Temperature  Requirements 

Figure  5.1  shows  the  computational-fluid-dynamics  (CFD)  prediction  of  the 
pressure  on  the  suction  surface  of  the  first-stage  rotor  at  85%  corrected  speed  under  the 
peak-efficiency  test  condition.  The  CFD  code  was  developed  by  NASA  Lewis  (36). 
Similarly,  the  code  predicted  the  surface-static-temperature  distribution  across  the  blade 
(not  shown).  These  data  were  extrapolated  to  define  the  required  paint-performance 
range  of  0.3  -  2  atm  and  -10  to  +140°C.  Of  these  two  requirements,  the  temperature  is 
more  difficult  to  achieve  because  the  most  common  lumiphores  cannot  survive  beyond 
100°C.  The  temperature  sensitivity  of  the  dynamic  quenching  rate,  kq,  of  lumiphores  in 
solution  was  discussed  in  Section  3.2;  however,  PSPs  are  also  affected  by  the  binder  in 
which  the  lumiphore  is  suspended.  The  solubility  of  oxygen  in  the  binder,  according  to 
Henry’s  Law,  is  an  additional  temperature  effect  which  must  be  taken  into  account  for 
PSPs.  Theoretically  these  effects  could  be  engineered  to  cancel  each  other,  but  that 
would  be  a  difficult  task.  Although  minimization  of  the  temperature  dependence  of  the 
PSP  is  a  design  goal,  it  is  unlikely  a  paint  which  is  completely  insensitive  to  temperature 
can  be  developed.  If  the  temperature  gradient  is  small,  as  it  is  for  many  wind-tunnel 
applications,  a  gross  temperature  correction  can  be  used  to  produce  acceptable  results. 
However,  applications  with  large  temperature  gradients,  such  as  turbomachinery,  require 
a  temperature-sensitive  paint,  or  other  temperature-sensing  techniques,  that  will  allow 
more  detailed  temperature  corrections.  Several  organizations  are  investigating  the 
development  of  a  dual-lumiphore  paint  where  two  scalars,  pressure  and  temperature,  can 
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be  measured.  However,  a  dual-lumiphore  paint  is  not  necessary  for  the  subject 
application  where  multiple  blades  can  be  painted. 

5.3  Pressure  and  Spatial  Resolution 

The  ultimate  goal  of  PSP  development  would  be  to  provide  a  measurement  having 
higher  spatial  and  pressure  resolution  than  currently  available  with  blade-mounted 
pressure  transducers.  Despite  its  importance,  spatial  resolution  is  really  not  an  issue  in  a 
comparison  of  PSPs  and  pressure  transducers.  When  pressure  transducers  are  used,  very 
few  are  mounted  on  blades  because  of  the  high  cost  and  risk  of  compromise  to  the 
structural  integrity  of  the  blade.  In  the  case  of  PSP,  the  spatial  resolution  is  limited  only 
by  the  detection  device.  With  current  CCD  cameras  having  a  million  or  more  pixels,  PSP 
provides  unequaled  spatial  resolution. 

To  define  the  performance  requirements  of  PSP  in  the  areas  of  spatial  and 
pressure  resolution,  the  state-of-the  art  of  blade-mounted  pressure  transducers  was 
assessed.  Reference  37  describes  the  digitization  procedure  used  for  the  blade-mounted 
pressure-transducer  data  reported  in  reference  38.  Here,  the  data-reduction  process 
provided  a  pressure  measurement  having  a  resolution  of  17.1  Pa,  with  an  uncertainty  of 
3.17  kPa  (37).  In  the  test  described  in  reference  38,  seven  pressure  transducers  were 
mounted  along  the  chordline  at  85%  span,  which  is  approximately  equivalent  to  one 
pressure  measurement  every  25.4  mm.  Thus,  to  compete  with  pressure  transducers,  PSP 
must  provide  pressure  and  spatial  resolutions  of  >  3.17  kPa  and  one  measurement  per 
25.4  mm,  respectively.  Measurement  accuracy  0.34  kPa  (0.05  psi)  has  been  reported 
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using  PSPs  (39).  However,  these  accuracies  were  obtained  in  well-controlled  test 
environments,  whereas  in  most  applications  model  movement  and  temperature  gradients 

significantly  affect  the  measurement  errors. 

Table  5.2  summarizes  the  paint-performance  requirements  defined  in  this  section. 
One  obvious  requirement  not  discussed  is  the  ability  of  the  paint  to  adhere  to  the  blade. 
Unfortunately,  the  conditions  of  the  actual  compressor  are  difficult  to  reproduce  in  a 
simple  laboratory  experiment.  Thus,  the  only  means  of  evaluating  the  adhesive  qualities 
of  the  paints  prior  to  the  compressor  test  is  through  visual  comparison  to  other  paints 
which  survived  previous  rotor  tests  (reported  in  Appendix  A). 

6.0  PAINT-EVALUATION  PROCEDURE 

Several  PSPs  are  currently  available.  However,  these  paints  were  engineered  for 
stationary ‘wind-tunnel  applications  which  are  primarily  steady  state  which  involve  small 
temperature  gradients.  Therefore,  most  of  these  paints  utilize  phosphorescence-despite 
the  temperature  sensitivity-to  take  advantage  of  the  increased  sensitivity  to  pressure 
resulting  from  the  long  luminescent  decay  of  phosphorescence.  As  discussed  earlier, 
turbomachinery  requires  the  short  decay  time  of  fluorescent  materials.  Therefore,  a 
fluorescent  PSP  is  required  for  turbomachinery  applications.  A  temperature-sensitive 
paint  (TSP)  is  also  needed  to  provide  a  means  for  temperature-correcting  the  PSP  data. 
The  following  paragraphs  describe  the  experiments  and  procedures  used  in  the 


21 


22 


development  and  evaluation  of  the  performance  of  new  TSP  and  PSP  formulations  for 
turbomachinery. 

6.1  Stern-Volmer  Relation 

The  pressure  and  temperature  characteristics  of  the  paint  are  dictated  by  the  Stem- 
Volmer  relation  described  in  equation  5.  The  Stem-Volmer  constant,  Kq,  is 
experimentally  determined  with  the  use  of  a  vacuum  chamber.  The  chamber  employed  in 
this  study  was  the  cross  pipe  shown  schematically  in  Fig.  6.1.  Quartz  windows  are 
located  in  two  adjacent  flanges.  The  nitrogen  laser  beam  (337  nm,  100  pJ,  200-ps  pulse 
at  10  Hz)  is  split  to  trigger  the  digital  oscilloscope  by  means  of  a  photodiode.  The 
remainder  of  the  beam  passes  through  a  neutral  density  filter  and  is  turned  by  a  mirror  to 
impinge  on  the  paint  sample  through  the  first  quanz  window.  The  sample  is  mounted  at 
45°,  and  the  resulting  fluorescent  signal  exits  through  the  second  window.  The  signal  is 
passed  through  an  ultra-violet  filter  to  remove  reflected  laser  light.  If  the  sample  is  the 
TSP,  then  a  blue  filter  must  be  placed  behind  the  ultra-violet  filter  to  remove  an  emission 
band  of  photons  which  are  not  temperature  sensitive.  The  photomultiplier  tube  detects 
the  fluorescent  signal  after  passing  through  collection  optics  and  sends  the  trace  (triggered 
by  the  photodiode)  of  the  decay  to  the  sampling  oscilloscope. 

The  computer  establishes  the  pressure  and  temperature  environment  of  the 
calibration  chamber  by  means  of  a  digital  pressure  controller  and  thermal-electric 
temperature  controller.  The  paint  sample  is  mounted  on  the  thermal-electric  heater 
(TEH),  and  two  set  screws  fitted  with  ceramic  sleeves  are  used  to  secure  the  paint 


23 


Figure  6.1  Paint  calibration  chamber. 


sample.  Thermal-electric  grease  is  used  to  provide  good  contact  between  the  paint 
sample  and  the  TEH.  A  K-type  thermocouple  is  placed  in  contact  with  the  paint  surface 
between  the  sample  and  one  of  the  ceramic  sleeves.  Again,  thermal-electric  grease  is 
used  to  provide  sufficient  contact.  The  pressure  of  the  calibration  unit  could  be  varied 
from  10  to  199  kPa,  and  the  surface  temperature  of  the  sample  could  be  varied  from  -15 
to  150°C. 

For  determining  the  Stem-Volmer  relation,  the  calibration  unit  is  run  by  a  simple 
computer  program  (PSP)  written  using  CVI;  the  user  inputs  the  desired  pressure  and 
temperature  range  over  which  the  sample  will  be  tested  and  indicates  the  number  of  data 
points  and  the  number  of  traces  averaged  for  each  point.  Early  in  the  paint-development 
cycle,  the  pressure  was  set  to  range  from  10  to  175  kPa  using  10  points,  and  the 
temperature  was  set  to  range  from  room  temperature  to  150°C  using  13  points.  The 
number  of  traces  acquired  for  each  average  was  consistently  set  to  128.  This  test  matrix 
consisted  of  130  points  which  required  5  hr  for  completion.  Final  calibrations  would 
extend  the  temperature  to  -10°  and  the  pressure  to  200  kPa. 

For  each  temperature  an  ASCII  file  was  created  which  recorded  the  temperature, 
the  pressure  readings,  and  the  corresponding  integrated  intensity  of  the  decay  curve.  The 
integration  assumed  an  exponential  decay,  with  the  limits  being  defined  as  20  and  80%  of 
the  decay.  These  data  were  then  imported  into  an  Excel  spreadsheet  for  plotting,  and  a 
polynomial-curve-fitting  macro  was  applied  to  determine  the  Stem-Volmer  equation. 
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The  process  of  developing  a  new  T/PSP  merely  involved  the  calibration  of  hundreds  o 
binder  and  luminophoie  combinations  over  the  desired  pressure  and  temperature  range. 

6.2  Pressure  Resolution 

A  first  estimate  of  the  pressure  sensiUvity  and  error  of  the  PSP  measurement  can  be 
obtained  from  the  derivative  of  the  Stem-Volmer  equation.  The  derivation  below 
follows  that  presented  by  Oglesby  in  reference  40.  However,  the  Wright  Uboratory 
paints  display  a  second-order  relationship  between  pressure  and  luminosity  rather  than  the 
classical  linear  Stem-Volraer  relation  reported  in  equation  3  and  by  Oglesby.  The  Stem- 
Volmer  equation  for  the  Wright  Laboratory  paint  has  the  fonn: 

[^\-A+BP^CP^  (6) 

where  the  coefficients  A,  B,  and  C  are  functions  of  temperature.  For  simplicity,  the 
temperature  will  be  considered  a  constant,  known  source.  Applying  the  first-  and  second- 

order  derivatives  with  respect  to  pressure  to  the  inverted  Stem-Volmer  equation  yields  the 
paint  sensitivity  to  pressure  (Sp): 

/  =  -  ^ 

/  (7) 

Uref  }p 

S  {B+2CP) 

{A+BP  +  CP^f 

where  lap  is  the  measured  emittance  and  Sp  is  the  sensitivity  to  pressure.  This  equation  is 
solved  for  dP  and  notmalized  to  pressure  to  yield  the  percent  enor  in  pressure  (Ep): 
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(9) 


AP  (A  +  BP  +  CP^) 

P  {B+2CP)P 

where  AIrp  is  the  estimated  error  in  measured  emittance.  The  same  procedure  can  be 
used  to  estimate  the  sensitivity  to  temperature  and  errors  in  temperature  measurement  of 
the  TSP  where  the  TSP  relationship  between  intensity  and  temperature  has  the  form: 

=  d^+dJ+d,T^+dJ^+d,T^  (10) 

7.0  PAINT  PERFORMANCE 

Through  the  use  of  the  calibration  chamber,  Wright  Laboratory  was  able  to 
develop  a  new  PSP  that  was  better  suited  for  turbomachinery  applications.  Numerous 
paint  formulations  composed  of  various  binders  and  solvents  were  tested  as  well  as 
methods  of  application  and  surface  treatments.  Common  problems  that  resulted  in  the 
failure  of  a  paint  formulation  were  instability  of  the  matrix,  which  was  found  to  be  the 
primary  threat  to  photo- instability,  and  lack  of  piessure  sensitivity. 

7.1  Stern-Volmer  Calibration  Results 

The  first  PSP  developed  for  turbomachinery  displayed  a  29%  decrease  in 
temperature  sensitivity  compared  to  typical  phosphorescence-based  paints;  however,  this 
paint  experiences  a  complete  loss  of  pressure  sensitivity  after  80°C.  These  results  are 
presented  in  Appendix  C.  Development  continued  in  an  attempt  to  increase  the 
temperature  capability  of  the  paint.  Figure  7.1  displays  the  performance  of  this  paint.  As 


27 


N.(OIO^COCMt-0 


s 


28 


Figure  7.1  Perfonnance  of  PSP  developed  for  tuibomachinery. 


the  figure  shows,  the  PSP  survives  temperatures  to  150°C  and  pressures  to  200  kPa  (~2 
atm).  This  formula  displayed  a  42%  decrease  in  temperature  sensitivity  compared  to 
typical  phosphorescence-based  paints. 

The  effect  of  temperature  on  the  dynamic  quenching  is  apparent  in  the  data 
presented.  A  sixth-order  polynomial  curve  fit  was  required  for  sufficient  modeling  of  the 
temperature  dependence  of  the  calibration  coefficients  A,  B,  and  C  presented  in  equation 
6.  Pressure  sensitivity  generally  increases  with  temperature— an  increase  of  22%  is 
observed  from  60°C  to  150°C  in  Fig.  7.1.  The  TSP  developed  proved  suitable  for  the 
rotor  test,  as  shown  in  Fig.  7.2.  The  TSP  was  insensitive  to  pressure,  and  the  fourth-order 
polynomial  curve  fit  to  temperature  (presented  in  equation  10)  sufficiently  modeled  the 
data. 

7.2  Pressure  Resolution 

Figures  7.3  and  7.4  display  the  results  for  the  sensitivity  and  error  equations 
presented  in  Section  6.2  for  an  estimated  measured-emittance  uncertainty  of  1%.  The 
PSP  data  are  shown  for  various  temperatures  to  demonstrate  the  effect  of  temperature  on 
error.  On  the  average,  an  increase  in  temperature  of  5°C  caused  an  increase  in  the 
pressure  error  of  0.13%  at  1  atm.  The  pressure  error  for  the  PSP  also  increased  with 
pressure.  The  TSP  data  (not  shown)  displayed  an  0.08%  increase  in  the  temperature  error 
for  every  5°C  increase  in  temperature.  Unfortunately,  in  a  compressor  the  areas  of 
highest  pressure  are  also  those  of  highest  temperature.  Temperature/pressure 
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Figure  7.2  Performance  of  TSP  developed  for  turbomachinery. 


-12  C 


combinations  from  10°C/60  kPa  to  150°C/200  kPa  are  expected,  corresponding  to  PSP 
sensitivities  ranging  from  0.010  -  0.00046  kPa‘‘  and  errors  in  pressure  ranging  from  0.96  - 
22  kPa  and  TSP  sensitivities  ranging  from  ~0.0018  -  -0.007  T*  and  errors  in  temperature 
ranging  from  -1.73  -  -4.16°C.  These  errors  can  only  be  reduced  by  decreasing  the 
uncertainty  of  the  measured  emittance  (camera  noise)  or  by  increasing  the  fluorescence 
signal  of  the  paints.  The  Stem-Volmer  calibration  results  of  the  TSP  and  PSP  data  are 
presented  in  Appendix  C  along  with  the  sensitivity  and  error  calculations. 

7.3  Effect  of  Oil  On  Paint  Performance 
Because  of  the  complexity  of  full-scale  test  facilities  such  as  the  CRF,  “non-ideal” 
testing  conditions  are  often  encountered.  For  example,  oil  residue  is  a  conunon 
occurrence  in  a  compressor  test.  This  is  potentially  a  major  problem  for  PSP  and  TSP 
measurements  because  most  oils  fluoresce.  Since  oil  changes  the  reference  intensity  of 
the  painted  surface,  pre-test  wind-off  images  used  in  post-processing  are  invalidated.  In  a 
worst-case  scenario,  the  oil  could  hinder  the  permeation  of  oxygen  through  the  surface, 
inhibiting  the  pressure-sensing  capability  of  the  paint.  Thus,  it  was  important  to 
investigate  the  effects  of  oil  on  the  paint  surface. 

A  simple  experiment  was  conducted  using  the  calibration  chamber  to  view  the 
effect  of  oil  on  the  PSP.  Figure  7.5  shows  three  calibrations  of  the  same  paint  sample. 
First  a  fresh,  clean  sample  was  calibrated.  The  sample  was  then  splattered  with  oil  and 
re-calibrated.  Finally,  the  sample  was  rinsed  with  alcohol  to  demonstrate  a  potential 
cleaning  method  and  calibrated  a  third  time.  The  oil  and  alcohol  were  applied  in  the 
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Figure  7^  Effect  of  oil  on  PSP  perfonnance. 


manner  expected  in  the  actual  compressor  test.  The  maximum  change  of  6%  occurred  at 
only  10  kPa.  In  the  region  of  interest  (30  -  200  kPa),  the  change  ranged  from  1.5  to  2%, 
and  the  overall  pressure  sensitivity  appeared  to  be  maintained.  Attempts  at  cleaning  the 
surface  resulted  in  the  recoveiy  of  only  the  low-end  pressure  sensitivity.  Therefore,  the 
added  complexity  of  developing  an  on-line  cleaning  system  was  not  deemed  worthwhile. 
However,  since  the  oil  contamination  normally  occurs  during  the  start-up  procedure,  it 
was  recommended  that  the  wind-off  reference  images  be  taken  after  data  acquisition. 

8.0  APPLICATION  TO  A  TRANSONIC  ROTOR 

For  demonstration  of  the  application,  the  selected  pressure-sensitive  paints  were 
applied  to  a  state-of-the-art  transonic  compressor.  The  compressor  test  was  conducted 
during  the  period  September  1996  to  January  1997  at  CRF.  A  detailed  description  of  the 
CRF  is  given  in  Appendix  D.  The  primary  objective  of  this  test  was  to  obtain 
quantitative  pressure  measurements  from  the  suction  surface  of  the  first-stage  rotor.  The 
following  paragraphs  present  a  general  description  of  the  test-article,  the  painting 
procedure,  the  test  setup,  and  data-acquisition  and  post  processing  procedures. 

8.1  Test-Article  Description/Preparation 
The  test  article  was  the  two-stage  low-aspect-ratio  transonic  compressor  shown 
schematically  in  Fig.  8.1.  This  compressor  has  been  tested  several  times  at  the  CRF; 
therefore,  a  large  volume  of  data  is  available  such  as  laser-Doppler-velocimeter  (LDV), 
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distortion,  and  pressure-transducer  results  (37,39,40).  The  first-stage-rotor  design 
parameters  were  previously  presented  in  Table  5.1,  and  the  CFD  prediction  was  presented 
in  Fig.  5.1.  Rotor  1  airfoil-geometry  parameters  are  presented  in  Table'  8.1  (37). 

Test-facility  time  constraints  made  it  necessary  to  paint  the  rotor  in  place.  The 
casing  was  removed  prior  to  painting  to  allow  better  access.  The  instrumented  blades 
were  masked  off  for  added  protection.  The  blades  were  prepared  by  wiping  them  with  a 
lint-free  cloth  using  acetone;  a  clear  primer  coat  was  then  applied  and  allowed  to  dry  for  a 
minimum  of  6  hr  to  ensure  adhesion  of  the  paint  to  the  blade.  Fresh  paint  solutions  were 
then  mixed  and  applied  to  the  blades  using  a  commercial-artist  air  brush.  Both  the 
temperature  and  pressure  paints  were  dry  to  the  touch  in  ~  1  hr,  but  an  8  hr  curing  time 
was  required.  Figure  8.2  shows  the  painted  blades. 

Extreme  caution  was  taken  to  minimize  the  exposure  of  the  paint  to  room  light. 
Pressure-sensitive  paints  display  a  common  characteristic  referred  to  as  photo¬ 
degradation,  whereby  the  paint-intensity  signal  deteriorates  as  a  function  of  time  with 
continued  exposure  of  the  paint  to  light.  The  painted  blades  could  be  used  in  up  to  four 
consecutive  nights  of  testing  if  they  were  sufficiently  covered  during  the  day  when  repairs 
were  being  made  to  the  test  article.  The  painted  blades  were  never  tested  for  more  than 
four  consecutive  nights  since  the  facility  was  not  in  operation  during  weekends,  allowing 
the  opportunity  to  apply  fresh  paint.  .Advantage  was  taken  of  every  opportunity  to  repaint 
since  in  the  real-world  test  environment,  the  blade  surfaces  often  collect  dirt  despite  the 
5-p  filters  used  to  clean  the  air  entering  the  CRF  plenum. 
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After  1  hr  of  drying  time,  the  alignment  marks  (traditionally  black  spots)  were 
applied  to  the  painted  blades  to  provide  regions  of  zero  intensity  in  the  data  images. 
These  marks  play  an  important  role  in  post-processing  where  they  are  used  to  align  the 
wind-off  and  wind-on  images.  This  is  especially  important  in  turbomachinery 
applications  because  of  the  twisting  which  occurs  in  a  blade  between  quiescent  and 
rotating  conditions.  In  previous  paint  tests,  as  reported  in  Appendix  A,  quantitative 
measurement  data  were  not  obtained,  primarily  because  of  the  inadequate  alignment  of 
these  images. 

Three  alignment-mark  requirements  were  identified.  First,  twelve  or  more 
consistent,  uniformly  distributed  marks  are  necessary  for  successful  warping  of  the 
twisted  blade  to  permit  its  proper  alignment  with  the  reference  image.  Since  these  marks 
constitute  regions  where  data  are  not  collected,  they  should  be  as  small  as  possible; 
however,  they  must  be  of  sufficient  size  to  be  located  in  each  image.  Second,  the  marks 
should  be  in  the  same  positions  on  each  painted  blade  since  a  temperature-corrected 
pressure  image  can  be  obtained  only  if  the  temperature-  and  pressure-painted  blades  are 
aligned.  Finally,  the  measured  locations  of  the  marks  on  the  blades  are  also  useful  in 
determining  the  scale  of  the  final  images.  For  creating  the  alignment  marks,  a  paper 
template  was  made  of  the  blade  surface;  cuts  were  made  to  allow  the  paper  to  expand  and 
follow  the  curve  of  the  blade.  With  the  template  on  the  blade,  a  pencil,  raler,  and  piece  of 
string  were  used  to  measure  and  indicate  33  alignment-mark  positions.  Holes  ~  1.6  mm 
in  diameter  were  punched  into  the  template  at  these  locations.  The  template  could  easily 
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slide  over  the  blade  (with  the  case  in  place),  and  the  marks  were  applied  to  the  painted 
blades  using  a  fine-point  permanent  marker. 

Access  to  the  test  article  was  gained  by  removing  the  upstream  ductwork, 
typically  the  Friday  afternoon  prior  to  a  week  of  PSP  testing.  The  primer  coat  was 
applied  at  this  time  and  allowed  to  dry  over  the  weekend.  Since  the  CRF  runs  tests  from 
4  p.m.  to  midnight,  the  active  paint  layers  were  applied  by  8  a.m.  of  the  first  test  day  to 
allow  for  the  required  8  hr  curing  time.  After  a  l-hr  drying  time,  the  alignment  marks 
were  applied  and  the  test-article  ductwork  was  reassembled— usually  by  noon.  The 
afternoon  was  then  used  to  set  up  the  data-acquisition  equipment  which  is  described  in 
the  following  section. 

8.2  Test  Setup 

The  rotor  test  setup  is  shown  in  Fig.  8.3.  A  piece  of  duct  upstream  of  the  rotor 
was  modified  to  accommodate  a  330  x  25  mm  window.  A  Princeton  Instruments 
intensified  CCD  (ICCD)  camera  (576  x  384  pixels),  fitted  with  a  50-mm  f/1.2  lens,  was 
located  -0.5  m  upstream  of  the  rotor  at  90  deg  (aft  looking  forward).  The  camera  viewed 
the  blades  across  the  flow  path  and  was  angled  -5  deg  below  the  centerline  to  avoid 
viewing  the  bullet  nose.  A  1-mJ  nitrogen  pulsed  laser  beam  (337  nm,  200-ps  pulse)  was 
launched  into  a  fiber  which  was  mounted  adjacent  to  the  camera.  The  laser  was  used  in 
the  pulse-on-demand  mode.  The  beam  was  expanded  to  illuminate  the  visible  suction 
surface  of  the  first-stage  rotor.  In  this  test  setup  the  adjacent  blade  leading  edge,  coupled 
with  the  viewing  angle,  prevented  viewing  beyond  52%  chord  at  the  tip,  and  the  image 
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size  restricted  viewing  beyond  62%  span.  For  pressure  and  temperature  measurements, 
~6 1,500  pixels  were  focused  on  the  blade.  The  detection  system  included  the  ICCD,  an 
ST- 138  camera  controller  for  image  acquisition  and  readout  via  the  personal  computer, 
and  an  FG-100  pulse  generator  for  triggering  the  camera.  The  camera  system  and  laser 
were  mounted  on  an  optical  table  inside  the  test  chamber.  A  Neslab  cooling  unit  was 
used  to  maintain  the  ICCD  chip  at  -20  °  C  to  minimize  readout  noise.  The  camera 
and  nitrogen  laser  were  remotely  controlled  from  an  adjacent  room  as  a  precaution.  As 
mentioned  previously,  TSP  requires  a  blue  filter  on  the  detector  while  PSP  does  not.  For 
remote  movement  of  the  filter  in  and  out  of  the  measurement  path,  a  magnetic  flag  was 
configured  with  a  switch  located  in  the  control  room.  Figure  8.4  is  a  photograph  of  the 
described  test  setup. 

The  following  procedure  is  used  to  stop  blade  motion  and  acquire  data  images. 
The  operator  sends  the  command  to  initiate  image  acquisition,  the  CCD  camera  is 
charged,  and  the  1/rev  pulse  is  used  to  initiate  the  timing  sequence.  The  1/rev  signal  is 
delayed  by  the  amount,  Atjeiay,  required  to  rotate  the  desired  painted  blade  into  the  image 
plane.  The  delay  generator  sends  out  two  pulses— the  first  to  trigger  the  camera  controller 
and  the  second  to  trigger  the  laser.  The  second  pulse  trails  the  first  by  13  ps  to  take  into 
account  the  time  required  for  the  camera  electronics  to  respond  to  the  trigger.  This  allows 
synchronization  of  the  arrival  of  the  laser  light  at  the  blade  surface  and  the  activation  of 
the  camera  intensifier  for  collecting  the  resulting  fluorescence  emission.  The  intensifler 
gain  is  typically  set  to  8.  The  period  of  operation  of  the  intensifier  (gate  time)  is 
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Figure  8.4  Photograph  of  the  test  setup. 


determined  by  the  laser  pulse  width  and  subsequent  fluorescence  emission  of  the  paint. 
For  this  test  a  200-ps  laser  pulse  was  used,  and  the  maximum  fluorescence  lifetime  was 
determined  from  calibration  to  be  323.5  ns  (at  vacuum  and  room  temperature).  The  gate 
time  was  selected  to  be  10  ps  to  take  into  account  laser  jitter  on  the  order  of  1  ps. 
Therefore,  the  timing  required  to  stop  the  blade  motion  (~2  ps)  was  achieved  by  the 
combination  of  the  short  laser  pulse  and  the  short-lived  fluorescence  of  the  paint-not  by 
the  gate  of  the  intensifier.  The  camera  “shutter,”  or  charge  time,  was  preset  to  a 
minimum  of  one  rotor  revolution.  After  the  shutter  closed,  the  acquisition  of  another 
image  could  not  be  initiated  until  the  CCD  downloaded  the  data  to  the  computer.  The 
readout  time  of  the  221,184  pixel  CCD  chip  was  234  ms. 

8.3  Data-Acquisition  Procedure 

Four  types  of  images  are  required  in  PSP  and  TSP  measurements:  a  wind-off 
reference  image,  a  wind-on  test  image,  a  black  image,  and  a  white  image.  The  black 
images  are  taken  with  the  lens  cap  on  to  define  the  thermal  noise  of  the  CCD  array.  The 
white  image  is  taken  of  a  uniformly  lit  surface  using  the  same  gate  as  the  wind-on  and 
wind-off  images  to  provide  a  flat-field  correction  for  the  “honeycomb”  pattern  on  the 
image  that  results  from  the  minifier-the  tapered  fiber-optic  coupling  between  the 
photocathode  and  the  CCD  chip.  Both  the  black  and  white  images  are  camera-dependent 
and  can  be  taken  either  before  or  after  the  test.  Thus,  during  a  scheduled  testing  period, 
only  the  wind-off  and  wind-on  images  are  acquired. 
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Wind-off  images  were  acquired  both  before  and  after  each  night  of  testing  to 
ensure  that  back-up  reference  images  would  be  available  for  data  processing  if  a  failure 
occurred  during  the  test.  Also,  these  before  and  after  wind-off  images  eould  be  compared 
to  determine  whether  oil  was  present  in  the  compressor.  For  acquiring  the  wind-off 
images,  the  turning  motor  in  the  facility  was  used  to  rotate  the  rotor  at  a  speed  of 
150  rpm.  At  this  low  speed  the  flow  is  negligible,  providing  valid  reference  images  while 
allowing  the  timing  circuitry  to  be  used  for  accurate  positioning  of  the  blade  images.  For 
acquiring  the  wind-off  images,  the  camera  shutter  was  set  to  400  ms.  Sequential  images 
were  acquired  using  various  delays  until  the  desired  painted  blade  appeared  in  the  image. 
Care  was  taken  to  determine  the  delays  required  to  place  the  TSP  and  PSP  blades  in  the 
same  location.  The  locations  were  determined  by  the  pixel  coordinates  of  the  blade 
leading  edge.  The  delay  and  coordinates  of  each  blade  were  recorded.  Twenty  wind-off 
images  were  acquired  for  each  paint  for  steady-state  averaging.  Once  the  wind-off 
images  were  acquired,  the  facility  throttled  the  compressor  to  a  desired  test  speed  and 
condition.  For  the  wind-on  images,  the  camera  shutter  was  reduced  to  50  ms.  To  provide 
a  constant  background  noise  from  image  to  image,  the  shutter  value  remained  constant  for 
all  of  the  wind-on  images,  regardless  of  the  rotational  speed.  From  the  coordinates 
previously  recorded  during  the  acquisition  of  the  wind-off  images,  the  delays  required  to 
superimpose  the  TSP  and  PSP  blades  were  determined,  and  the  corresponding  wind-on 
images  were  acquired.  A  minimum  of  thirty  wind-on  images  was  acquired  from  each 
blade  at  each  test  condition  for  averaging  to  reduce  random  noise.  No  drift  was  apparent 
from  shot  to  shot  as  a  result  ability  of  the  CRF  to  maintain  the  rotor  speed  within  2-3  rpm. 
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8.4  Post-Processing  Procedure 

The  post-processing  was  carried  out  mainly  by  PAINTCP,  a  program  developed 
for  NASA  Ames  by  Sterling  Software,  Inc  (41).  This  package  is  used  in  PSP  image 
analysis  for  wind  tunnel  aircraft  model  tests.  For  the  purposes  of  this  experiment,  many 
of  the  functions  within  the  code  were  not  required;  however,  the  program  was  used  for  its 
ability  to  register  the  alignment  marks  and  align  one  image  with  another.  First,  PAINTCP 
reads  all  of  the  black,  white,  wind-off,  and  wind-on  images  for  a  given  test  condition. 
The  10  black,  20  wind-off,  and  50  wind-on  images  are  averaged.  The  images  captured  by 
the  ICCD  camera  can  be  described  as  a  product  of  camera  sensitivity,  S(x,y),  illumination 
power,  P(x,y),  and  the  paint  emission,  E(x,y),  plus  thermal  background  noise,  B(x,y)  as 
follows: 

/(x,  y)  =  5(x:,  y )  P{x,  y)E{x,y)  +  B{x,y)  ^  j  j  ^ 

where  each  parameter  varies  spatially.  As  a  result  of  Eq.  11,  two  corrections  must  be 
made  to  the  wind-off  and  wind-on  images  prior  to  division  and  conversion  to  quantitative 
temperature  or  pressure  data:  1)  a  background  correction  to  take  into  account  the  thermal 
noise  on  the  ICCD  chip,  and  2)  a  flat-field  correction  to  take  into  account  the  spatial 
variations  in  camera  sensitivity  and  illumination  (attenuation).  The  thermal  noise  can  be 
easily  removed  by  subtracting  the  background  image,  which  only  contains  B(x,y),  from 
the  wind-off  and  wind-on  images.  Removal  of  the  camera  attenuation  is  more  difficult. 
A  flat-field  correction  is  used  to  remove  the  attenuation  caused  by  the  minifier-which 
results  in  a  honeycomb  pattern  on  the  data  image.  This  pattern-mechanical  effect  of  the 
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camera~is  fixed  in  all  images;  therefore,  manipulation  of  the  wind-on  image  to  align  it 
with  the  wind-off  image  will  skew  tiiis  pattern  relative  to  the  wind-on  image,  adding 
unnecessary  noise  to  the  final  image,  as  illustrated  in  Fig.  8.5. 

For  removing  the  honeycomb  pattern  caused  by  the  ICCD  minifier,  both  the 
background-corrected  wind-off  and  wind-on  images  are  each  divided  by  a  white  image- 
which  is  also  background  corrected.  The  process  is  depicted  by  equation  12 

j  ~  ^ black 

^corrtatd  f  _  7 

*  white  ^  black 

{5(jr,y)PU,y)£U,y)-Hg(x,y)}-{g(jc,y)}  _  E{x,y) 

{5(  x,  y)  Fix,  y)E„  (x,  y) + B(  j:,  y) }  -  {B(x,  y) }  {x,  y) 

where  x  represents  either  the  wind-off  or  wind-on  condition  and  the  white  image  records 
the  sensitivity,  illumination  power,  and  a  reference  emission,  Eo(x,y).  All  of  the  images 
(white,  wind-off,  and  wind-on)  are  corrected  for  thermal  noise,  B(x,y),  by  subtracting  the 
background  image,  Ibiack-  Dividing  the  wind-off  and  wind-on  images  by  a  white  image 
effectively  removes  S(x,y)  and  P(x,y),  leaving  only  the  ratio  of  the  paint  emission,  E(x,y), 
and  the  reference  emission  used  to  create  the  white  image,  Eo(x,y).  As  mentioned  in 
Section  8.3,  the  black  image  is  obtained  by  acquiring  an  image  with  the  lens  cap  on  the 
camera  (P  =  E  =  0),  and  the  white  image  is  obtained  by  acquiring  an  image  from  a 
uniformly  lit  flat  surface.  This  procedure  removes  the  thermal  noise  caused  by  the  CCD 
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and  the  honeycomb  pattern  caused  by  the  fiber-optic  coupler  of  the  camera;  Eo(x,y) 
cancels  when  the  corrected  wind-off  image  is  divided  by  the  corrected  wind-on  image. 

Once  the  wind-off  and  wind-on  images  are  corrected,  the  PAINTCP  program 
locates  the  alignment  marks  on  the  corrected  wind-on  image  and  uses  them  to  “warp”  the 
image  to  match  the  pattern  of  alignment  maiics  in  the  corrected  wind-off  image.  The 
wind-off  image  is  then  divided  by  the  properly  aligned  wind-on  image,  and  this  final- 
image  ratio  is  written  to  an  IEEE  floating  binary  file.  This  procedure  is  performed  twice 
for  each  test  condition— once  for  the  TSP  data  and  once  for  the  PSP  data.  In  order  to 
temperature-correct  the  PSP  data,  the  TSP  image  must  be  aligned  with  the  PSP  image. 
Therefore,  all  of  the  pressure  and  temperature  images  are  aligned  to  the  same  wind-off 
PSP  image. 

The  output  from  the  PAINTCP  program  is  read  into  Transform,  a  software 
application  which  allows  matrix  and  image  manipulation.  The  equation  determined  from 
the  Stem-Volmer  calibration  for  the  TSP  is  applied  to  the  temperature  matrix  to  convert 
the  intensity  ratio  to  surface  temperatures  (in  °C).  The  results  are  output  to  a  new  matrix. 
Because  the  temperature  image  is  aligned  with  the  pressure  image  using  PAINTCP,  the 
temperature  image  can  be  used  to  calibrate  the  pressure  image  directly.  The  surface- 
temperature  information  and  the  intensity-ratio  data  fi’om  the  PSP  are  input  to  the 
calibration  equation  for  the  PSP,  and  the  resulting  surface-pressure  information  is  output 
to  a  new  matrix.  The  final  temperature  image  and  temperature-corrected  pressure  image 
are  scaled  and  plotted  with  false-color  using  the  Transform  software. 
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9.0  TRANSONIC-ROTOR  TEST  RESULTS 


Data  were  acquired  under  various  test  conditions  at  corrected  speeds  ranging  from 
68  to  98.6%.  More  than  5  GB  of  data  were  acquired,  most  of  which  has  not  yet  been 
processed.  Only  the  preliminary  data  of  the  peak-efficiency  (PE)  condition  at  85% 
corrected  speed  will  be  reported  here. 

Figure  9.1  depicts  the  area  of  the  blade  where  temperature  and  pressure  data  were 
acquired.  The  approximate  dimensions  of  the  viewable  area  of  the  blade  where  data  were 
acquired  are  from  0-52%  chord  at  the  tip  and  from  62-100%  span  at  the  leading  edge. 
The  raw  PSP  and  TSP  wind-on  gray-scale  images  obtained  at  the  85%  Nc,  peak- 
efficiency  condition  are  presented  in  Figs.  9.2  and  9.3,  respectively.  The  blade-leading- 
edge  tip  is  located  in  the  upper-right  comer  and  rotates  counterclockwise  for  both  images. 
Using  the  alignment  marks  in  the  images,  the  spatial  resolution  was  determined  to  be 
0.1575  mm  for  a  total  of  61,500  measurement  points  on  the  blade  surface.  The  flat-field 
correction  was  not  applied  to  Fig.  9.2;  and  the  honeycomb  pattern  which  results  from  the 
noise  can  be  observed.  As  evident  in  Fig.  9.3,  use  of  the  fiat-field  image  removes  a  large 
amoimt  of  the  minifier  noise;  note  the  two  tip  shockwaves  present  in  the  TSP  image. 

Figures  9.4  and  9.5,  respectively,  present  TSP  and  PSP  results  obtained  using  the 
post-processing  procedure  described  above.  A  temperature  range  of  -10  -  +60°C  was 
quantified  by  the  TSP  in  the  measurement  area  (62  -  100%  span  at  the  leading  edge,  0  - 
52%  chord  at  the  tip).  The  TSP  data  are  used  to  correct  the  PSP  data,  presented  in  Fig. 
9.4  which  reveals  a  pressure  range  of  20  -  -120  kPa  in  the  measurement  area.  These 
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Figure  9.1  First-stage-rotor  image  region. 


200 


I 


100 


in 


rH 


Mo:c 


54 


Figure  9.3  Flat-field  corrected  TSP  wind-on  image,  85%  Nc,  peak-efficiency 
operating  condition,  displaying  two  visible  shockwaves. 
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Figure  9^  Calibrated  temperature-corrected  PSP  image,  85%  Nc, 

peak-effciency  operating  condition. 


pressure  and  temperature  combinations  correspond  to  estimates  in  temperature 
measurement  error  of  0.5  -  2.5®C  and  estimates  in  pressure-measurement  error  of  0.36  -  4 
kPa  (Appendix  C). 

Comparison  of  the  clarity  of  the  raw  images  and  the  final  images  indicates  that  the 
minifier  attenuation  was  not  sufficiently  removed;  the  resulting  noise  level  washes  out  the 
two  shockwaves  in  the  final  TSP  image.  This  is  thought  to  be  due  to  the  non-uniform 
illumination  of  the  paint  blade.  Unfortunately,  in  the  compressor  environment  the 
lighting  on  the  high-curvature  blade  is  not  uniform  over  the  entire  image;  as  a  result,  the 
use  of  a  traditional  white  image  of  uniform  intensity  for  flat-field  correction  does  not 
remove  the  honeycomb  pattern.  Therefore,  the  final  image  still  contains  the  mapping 
noise  depicted  in  Fig.  8.5,  even  though  the  image  presented  in  Fig.  9.3  appears  to  be  flat- 
field  corrected.  The  pattern  noise  is  worse  in  the  PSP  data  because  the  image  combines 
the  pattern  noise  from  the  TSP  and  the  PSP  images. 


10.0  CONCLUSIONS 

This  thesis  has  described  the  photophysical  properties  of  luminescent  molecules 
which  allows  them  to  be  used  as  pressure-sensing  devices.  PSP  performance 
requirements  for  turbomachinery  applications  have  been  identified  and  fluorescence 
determined  to  be  the  appropriate  luminescent  process  for  turbomachineiy  applications 
based  upon  the  timing  required  to  stop  the  rotating  image.  Development  and  calibration 
of  fluorescence-based  PSPs  and  TSPs  capable  of  performance  up  to  2  atm  and  150  °C 
have  been  detailed.  The  painting  procedure,  test  setup,  data  acquisition,  and  post- 
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processing  procedures  have  been  presented.  The  preliminary  TSP  and  PSP  data  acquired 
from  the  suction  surface  of  a  transonic  rotor  at  85%  corrected  speed  under  the  peak- 
efficiency  condition  have  been  presented.  Visual  comparison  of  the  final  PSP  image 
presented  in  Fig.  9.5  and  the  CFD  prediction  presented  earlier  in  Fig.  5.1  reveal  the  same 
pressure  trends.  Efforts  are  underway  to  recreate  the  test  setup  and  acquire  the  proper 
white  image  (with  non-uniform  illumination)  required  to  eliminate  the  honeycomb 
pattern.  Once  the  final  images  are  obtained  measurement  errors  will  be  assessed  and 
compared  to  the  predicted  values. 

Overall,  this  thesis  has  demonstrated  the  potential  of  using  the  PSP  technique  for 
applications  in  advanced  turbomachinery.  Several  areas  must  be  improved  to  bring  this 
technology  to  fruition.  First,  improved  methods  of  applying  the  alignment  marks  required 
for  post-processing  must  be  developed.  The  current  method  of  application  is  very 
difficult  and,  as  a  result,  the  probability  of  accurate  placement  is  low.  The  new  technique 
should  be  simple  and  provide  precise  placement  of  consistent  alignment  marks  with 
known  three-dimensional  coordinates  to  provide  a  means  of  correlating  the  two- 
dimensional  PSP  image  and  the  three-dimensional  blade  geometry. 

Second,  the  noise  resulting  from  the  ICCD  minifier  must  be  eliminated  during 
post-processing.  This  can  be  accomplished  simply  through  the  use  of  an  alternative 
detection  device  that  does  not  utilize  fiber-optic  coupling  between  the  photocathode  and 
the  CCD  chip  or  through  the  use  of  a  reference  paint.  Alternative  cameras  are  currently 
being  evaluated;  in  the  meantime,  a  reference  paint  will  be  developed.  A  reference  paint 
is  basically  a  fluorescent  paint  which  is  neither  temperature  nor  pressure  sensitive  and,  as 
a  result,  will  indicate  the  illumination  power  over  the  surface.  For  future  tests  if  an 
improved  camera  is  not  yet  available,  three  separate  blades  will  be  painted  for 
independent  temperature,  pressure,  and  reference  (power)  measurements. 
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Finally,  paint-development  efforts  must  continue  on  improving  pressure 
sensitivity  and  achieving  higher  pressure  and  temperature  capability  higher  to 
accommodate  later  fan  stages.  Improvements  in  pressure  sensitivity  will  rely  on  the 
development  of  probe  molecules  with  improved  quantum  efficiencies  (QE)-which  will 
increase  the  SNR.  PSP  developers  are  constantly  seeking  new  probes  with  higher  QEs 
because  every  PSP  application  can  benefit  from  increased  luminescent  signals. 
Unfortunately,  most  current  PSP  research  is  based  upon  the  use  of  organic  probe 
molecules.  The  prominence  of  organic-based  PSPs  is  largely  historical,  building  on  its 
initial  developments  in  the  field;  however,  the  organic  molecules  traditionally  used  for 
PSPs  (porphyrins)  are  not  the  optimal  lumiphores  for  PSP  measurements.  Organic 
molecules  are  problematic  in  that  they  are  temperature-  and  photo-sensitive  and  are 
inefficient  oxygen  quenchers;  they  also  have  an  upper  temperature  limit  on  the  order  of 
200°C. 

Evolving  PSP  technology  is  now  facing  difficult  challenges  and  will  not 
experience  the  degree  of  progress  that  it  has  in  the  past.  It  will  become  increasingly 
difficult  to  deliver  the  sensitivity  and  accuracy  that  researchers  demand  using  off-the- 
shelf  probe  molecules  and  binding  systems.  For  these  reasons,  future  research  efforts  will 
be  focused  on  the  development  of  an  all-inorganic  PSP.  Through  the  synthesis  of  probe 
molecules,  scientists  can  control  the  mechanisms  which  determine  the  temperature  and 
pressure  capability  as  well  as  the  pressure  sensitivity  of  PSP  technology.  With  some 
inorganic  salts  having  the  capability  to  perform  up  10{)0®C,  inorganic  oxygen  sensors 
hold  the  most  promise  for  the  successful  development  of  a  PSP  for  later  compressor 
stages. 
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APPENDIX  A:  Previous  PSP  Experiences  in  Turbomachinery 


A  low-speed  demonstration  of  PSP  data  acquisition  was  conducted  in  August  of 
1994  at  the  Wright  Laboratory  Compressor  Research  Facility  (CRP^.  Qualitative  data 
were  acquired  from  the  suction  surface  of  a  subsonic  high-aspect-ratio  fan  blade.  The 
intensity-based  method  was  used  in  conjunction  with  an  optical  derotation  device  for 
stopping  the  rotating  image.  The  details  of  the  experimental  test  setup  and  the  optical 
derotator  can  be  found  in  reference  32.  Figure  A.1  shows  the  wind-on  image  acquired 
from  the  fan  rotating  at  1,500  rpm.  The  CCD  camera  and  lens  system  allowed  -10,000 
measurement  points  on  the  blade  surface.  Each  pixel  measured  the  light  intensity 
reflected  from  the  blade  and  represented  a  potential  pressure-measurement  location  on 
this  blade  during  rotation.  In  the  figure  the  hub  is  located  at  the  top  left  and  the  tip  of  the 
blade,  at  the  lower  right.  The  direction  of  rotation  is  clockwise  in  this  view.  The  light 
areas  correspond  to  the  highest  intensities  (low  pressures)  and  the  dark  areas,  to  the 
lowest  intensities  (high  pressures).  This  trend  in  intensity  can  be  seen  more  clearly  in  the 
chord-wise  plot  of  the  blade  shown  in  Fig.  A.2;  the  black  line  in  Fig.  A.l  indicates  the 
location  of  the  slice.  If  one  remembers  that  the  pressure  is  inversely  related  to  the 
intensity.  Fig.  A.2  clearly  shows  that  the  pressure  at  first  decreases  and  then  increases 
along  the  chordline,  as  expected  on  the  suction  surface  of  a  subsonic  airfoil.  Paint 
developed  by  Arnold  Engineering  and  Development  Center  (AEDC)  was  used  in  this 
experiment.  Quantification  of  these  data  was  not  possible  because  the  wind-off  and 
wind-on  images  could  not  be  sufficiently  aligned  during  post-processing. 

A  follow-on  experiment  was  conducted  at  the  CRF  on  a  full-scale  transonic  rotor 
in  March  of  1996.  The  technique  employed  in  the  low-speed  demonstration  was  used; 


67 


68 


Figure  A.1  Wind-on  intensity  measurement  at  1 ,500  rpm. 
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Figure  A.2  Plot  of  normalized  intensity  vs.  percent  chord  on  the  suction  surface. 


however,  a  gated,  intensified  CCD  (ICCD)  camera  and  pulsed  laser  were  used  to  stop  the 
blade  motion;  the  paint  was  obtained  from  the  Central  Aero-Hydrodynamics  Institute  in 
Moscow  (TsAGI).  In  this  test  a  small  (2.5-|iJ)  pulsed  nitrogen  laser  was  expanded  to 
illuminate  the  blade  surface  for  exciting  the  paint.  The  once-per-revolution  signal 
triggered  both  the  laser  and  the  camera.  The  timing  requirement  for  stopping  the  blade 
motion,  calculated  in  Appendix  B,  was  determined  to  be  an  ~2-jis  window.  Thus,  a  paint 
with  a  fast  luminescent-decay  time,  or  fluorescent  paint,  would  be  needed.  Unfortunately, 
most  of  the  paints  (including  the  AEDC  paint  used  in  the  previous  rotor  experiment) 
available  at  that  time  utilized  the  slower  phosphorescent  process  to  optimize  pressure 
sensitivity.  The  only  fluorescent  paint  available  was  the  LPS-2  made  by  TsAGI. 

Figure  A.3  shows  the  painted  blades  of  the  test  article.  The  laser  and  ICCD 
camera  shared  a  common  access  port,  located  2  ft  upstream  of  the  rotor  at  -10  deg  off  top 
dead  center.  The  port  was  12.7  mm  wide  and  50.8  mm  long.  The  camera  imaged  the 
blade  across  the  bullet  nose  in  the  lower  right  quadrant.  The  TsAGI  paint  employs  the 
aromatic  fluorophore  pyrene  and  is  described  in  reference  9.  Although  the  paint  adhered 
to  the  blade  and  provided  a  sufficient  signal  for  data  acquisition,  it  lacked  the  pressure 
sensitivity  required  for  adequate  resolution  of  the  blade  flow  phenomena.  For  this  reason 
only  a  faint  step  change  across  the  shock  could  be  resolved,  as  seen  in  Fig.  A.4.  The  flow 
condition  in  the  figure  was  85%  Nc  at  the  peak-efficiency  condition.  Again, 
quantification  of  the  data  was  not  possible  because  the  wind-off  and  wind-on  images 
could  not  be  properly  aligned. 
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preliminary  transonic-rotor  test 
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Figure  A.4  Qualitative  PSP  data  reveals  shock  structure  at  85%  Nc, 
near-stall  operating  condition. 


APPENDIX  B:  Timing  Calculation  for  Image  Derotation 

The  gate  time  required  to  freeze  the  rotating  image  is  calculated  in  this  appendix. 
The  desired  spatial  resolution  is  the  parameter  which  defines  the  timing  required  to  freeze 
the  rotating  image.  For  the  timing  calculation  the  desired  spatial  resolution  was  selected 
to  be  1  mm. 

N  Rotor  mechanical  speed,  rpm 

R  Rotor  radius,  m 

At  Gate  time,  s 

AXb  Blade  movement  during  At,  m 

AXp  Image  pixel  size,  m 


For  a  clear  image,  the  blade  must  move  less  than  AXp  during  At: 


AX, 


./ 1  min 

=  N\ - 

V  60s 


1 - — - RA/<AX. 

s  J  revolution 


N  =  13,288  rpm  (100%  Nc) 
R  =  0.337  m 


AXp  =0.001  m 
Ar  =  2.1  ;ts 


Examination  of  the  PSP  test  results  revealed  that  the  actual  spatial  resolution  achieved 
was  0.1575  mm,  for  a  total  of  61,500  image  points  on  the  blade  surface. 
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APPENDIX  C:  Paint-Calibration  Data 
Figure  C.l  shows  the  calibration  curve  of  the  original  PSP  developed  at  Wright 
Laboratory  (WL)  compared  to  the  calibration  curve  of  a  typical  porphyrin  paint  (PtOEP) 
obtained  from  Arnold  Engineering  and  Development  Center  (AEDC).  The  WL  paint 
displayed  a  29%  decrease  in  temperature  sensitivity  compared  to  typical 
phosphorescence-based  paints.  While  the  WL  paint  experiences  a  complete  loss  of 
pressure  sensitivity  after  80®C,  the  porphyrin  displays  a  dramatic  sensitivity  to 
temperature;  neither  factor  is  compatible  with  turbomachinery  applications.  The 
following  tables  contain  the  calibration  data  of  the  PSP  and  TSP  developed  for  the 
turbomachinery  application  presented  in  this  thesis. 
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to  a  typical  portiyrin  paint  (solid  symbols). 


Temperature-Sensitive-Paint  Calibration  Data: 
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Pressure-Sensitive-Paint  Calibration  Data: 


Tref=-10.91  C  Pref=99.16Kpa  Iref=  40.04 
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1.94 

2.04 

2.11 

2.22 

68.11 

48.77 

1.6 

1.69 

1.75 

1.83 

1.94 

2.02 

2.11 

2.21 

2.31 

2.42 

2.54 

63.39 

58.99 

1.76 

1.87 

1.94 

2.04 

2.14 

2.24 

2.34 

2.47 

2.58 

2.7 

2.84 

59.33 

69 

1.91 

2.03 

2.12 

2.22 

2.34 

2.47 

2.58 

2.7 

2.82 

2.99 

3.13 

56.21 

78.98 

2.06 

2.17 

2.28 

2.41 

2.51 

2.67 

2.81 

2.95 

3.07 

3.24 

3.4 

53.16 

88.93 

2.22 

2.32 

2.44 

2.58 

2.7 

2.87 

3.02 

3.16 

3.32 

3.49 

3.65 

50.9 

98.96 

2.37 

2.47 

2.6 

2.74 

2.89 

3.05 

3.22 

3.38 

3.57 

3.75 

3.92 

48.87 

108.96 

2.49 

2.62 

2.77 

2.93 

3.07 

3.24 

3.41 

3.61 

3.78 

3.98 

4.18 

47.06 

118.96 

2.61 

2.74 

2.91 

3.08 

3.25 

3.4 

3.59 

3.78 

4.02 

4.23 

4.39 

45.2 

128.92 

2.73 

2.88 

3.04 

3.22 

3.39 

3.58 

3.76 

4.02 

4.21 

4.43 

4.67 

43.92 

138.95 

2.84 

3.03 

3.17 

3.38 

3.59 

3.77 

3.95 

4.19 

4.44 

4.67 

4.88 

42.68 

148.96 

2.98 

3.15 

3.31 

3.53 

3.75 

3.93 

4.15 

4.39 

4.61 

4.9 

5.12 

41.43 

158.96 

3.09 

3.25 

3.45 

3.66 

3.88 

4.1 

4.32 

4.56 

4.81 

5.12 

5.3 

40.26 

168.93 

3.2 

3.4 

3.59 

3.8 

4.06 

4.29 

4.48 

4.78 

4.98 

5.3 

5.54 

39.3 

178.97 

3.31 

3.5 

3.73 

4 

4.19 

4.45 

4.63 

4.93 

5.2 

5.5 

5.77 

38.25 

188.97 

3.41 

3.66 

3.87 

4.13 

4.33 

4.59 

4.82 

5.1 

5.38 

5.67 

5.97 

37.37 

198.91 

3.51 

3.76 

3.96 

4.25 

4.48 

4.76 

5 

5.27 

5.59 

5.88 

6.16 

Curve  Fit  to  Pressure: 

I _ A _ B(l/kPa)  C(l/kPa)^2 

-12  0.323781034  0.005649573  -9.82013E-06 

-6  0.335404028  0.006318604  -1.16504E-05 

0  0.348262457  0.007003434  -I.33503E-05 

5  0.358757542  0.007286738  -1.4144E-05 

12  0.358118446  0.007295914  -1.42281E-05 

15  0.369091729  0.007888037  - 1.5095  lE-05 

20  0.380768925  0.008184725  -1.60957E-05 

25  0.392883742  0.008680593  -1.83533E-05 

30  0.406659555  0.008999897 -1.85262E-05 

35  0.420749238  0.009454289  -1.95127E-05 
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40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

120 

125 

130 

135 

140 

145 

150 


0.439114511 

0.452543554 

0.473482674 

0.49146949 

0.506090322 

0.529559138 

0.552227184 

0.574927196 

0.590600427 

0.610892073 

0.636343445 

0.647159037 

0.647582528 

0.700454919 

0.70774122 

0.717305307 

0.720471269 

0.749266764 

0.782616323 

0.78554306 

0.794450238 

0.815828658 

0.843414176 


0.009963907 

0.010401778 

0.010862172 

0.011453584 

0.012171049 

0.01260501 

0.013266247 

0.014057864 

0.015023165 

0.015872281 

0.016598362 

0.017740072 

0.020240834 

0.020670689 

0.022111465 

0.023478478 

0.02536804 

0.026627784 

0.028189203 

0.030270566 

0.032127412 

0.034161941 

0.035788774 


-2.0755  lE-05 

-2.11818E-05 

-2.16053E-05 

-2.258 15E-05 

-2.394E-05 

-2.362 19E-05 

-2.43086E-05 

-2.53801E-05 

-2.6966E-05 

-2.70305E-05 

-2.65595E-05 

-2.79594E-05 

-3.01465E-05 

-2.75301E-05 

-2.95526E-05 

-2.95413E-05 

-3.34072E-05 

-3.367 15E-05 

-3.665 14E-05 

-3.97438E-05 

-4.19566E-05 

-4.47742E-05 

-4.66267E-05 


Curve  Fit  to  Temperature: 


al=0.345870595 
a2=0.00 1546007 
a3=-5.04207E-06 
a4=1.01604E-06 
a5=-1.36305E-08 
a6=6.7911E-ll 
a7=-1.15032E-13 
R''2=0.99921 178 


B(T)= 
61=0.00675378 
b2=7.93539E-05 
b3=-2.41563E-07 
b4=2.49928E-09 
65=8.4241  IE- 11 
b6=-4.03545E-13 
b7=1.93804E-16 
R''2=0.999670177 


ciik 

cl=-1.30546E-05 

c2=-1.93096E-07 

c3=3.82606E-09 

c4=-1.82414E-10 

c5=3.21931E-12 

c6=-2.29239E-14 

c7=5.57928E-17 

R''2=0.997083386 
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PSP  %  Error  in  Pressure: 


kPa  -12  C  12  C  40  C 


10 

2.64 

2.63 

3.02 

30 

1.55 

1.65 

1.98 

50 

1.45 

1.61 

1.99 

70 

1.51 

1.72 

2.17 

90 

1.62 

1.90 

2.43 

100 

1.70 

2.01 

2.59 

120 

1.87 

2.27 

2.98 

140 

2.09 

2.61 

3.50 

160 

2.38 

3.07 

4.24 

180 

2.75 

3.74 

5.43 

200 

3.27 

4.85 

7.72 

70  C 

100  C 

130  C 

150  C 

3.64 

3.65 

4.10 

4.11 

2.43 

2.73 

3.26 

3.55 

2.46 

2.91 

3.60 

4.07 

2.69 

3.28 

4.11 

4.75 

3.00 

3.71 

4.70 

5.51 

3.18 

3.95 

5.02 

5.91 

3.61 

4.47 

5.69 

6.76 

4.13 

5.06 

6.41 

7.67 

4.80 

5.72 

7.20 

8.66 

5.70 

6.50 

8.08 

9.75 

7.04 

7.44 

9.07 

10.98 

PSP  Sensitivity  to  Pressure  (1/kPa): 

kPa  -12  C  12  C  40  C  70  C  100  C  130  C  150  C 


10  0.03790  0.03798  0.03315 

30  0.02 1 56  0.02024  0.0 1685 

50  0.01379  0.01243  0.01006 

70  0.00949  0.00831  0.00659 

90  0.00685  0.00585  0.00457 

100  0.00590  0.00498  0.00386 
120  0;00445  0.00367  0.00279 
140  0.00341  0.00273  0.00204 
160  0.00263  0.00203  0.00147 
180  0.00202  0.00148  0.00102 
200  0.00153  0.00103  0.00065 


0.02744  0.02737  0.02440  0.02434 
0.01370  0.01223  0.01021  0.00938 
0.00813  0.00686  0.00556  0.00492 
0.00532  0.00436  0.00347  0.00301 
0.00370  0.00299  0.00236  0.00202 
0.00314  0.00253  0.00199  0.00169 
0.00231  0.00186  0.00147  0.00123 
0.00173  0.00141  0.00111  0.00093 
0.00130  0.00109  0.00087  0.00072 
0.00097  0.00085  0.00069  0.00057 
0.00071  0.00067  0.00055  0.00046 
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APPENDIX  D:  Compressor  Research  Facility  Background 

Figure  D.l  is  a  layout  of  the  Turbine  Engine  Research  Center  (TERC) 

Compressor  Research  Facility  (CRF)  located  at  Wright-Patterson  Air  Force  Base.  The 
facility  consists  of  four  buildings.  Building  7  IB  contains  the  control  facilities  and 
personnel  offices,  and  Building  7 ID  houses  the  water  tower  and  cooling-water  pumps. 

The  test  chamber,  drive  motors,  and  signal-conditioning  room  are  housed  in  Building 
20A,  while  the  high-voltage  equipment  and  frequency  converters  needed  to  power  the 
drive  motors  are  located  in  Building  20. 

The  CRF  has  an  open-cycle  design  in  which  the  test  article  provides  the  motive 
power  to  move  air  through  the  facility.  The  test  article  was  mounted  inside  a  19.8-m- 
long,  6.1-m-diameter  test  chamber.  Figure  D.2  is  a  diagram  of  the  test  article  installed  in 
the  CRF  test  chamber.  Atmospheric  air  entered  a  plenum  upstream  of  the  test  article  after 
passing  through  the  inlet  filter  house  and  an  array  of  five  throttling  valves.  These  valves 
provided  an  inlet  pressure  to  the  test  article  that  was  proportionate  to  the  drive  system 
power.  A  flow-conditioning  barrel  mounted  inside  the  plenum  contained  screens  and 
flow  straighteners  to  minimize  distortion.  From  the  plenum  the  air  entered  the  test  article 
bellmouth  and  passed  through  a  set  of  inlet  ducts  before  entering  the  fan.  The  facility  can 
provide  airflow  rates  in  the  range  from  6.8  -  226.8  kg/sec  to  the  test  article. 

Fan-core  discharge  flow  passed  through  an  instrumented  diffuser  and  a  core 
discharge  valve  (CDV)  before  being  dumped  into  the  facility  exhaust  collector.  The  CDV 
provided  the  discharge  back  pressure  necessary  for  mapping  compressor  performance. 
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Figure  D.l  Layout  of  the  Compre:.sor  Research  Facility. 


DUCT  V/«LVE 


Figure  D.2  Test  chamber  layout. 


Fan  by-pass  discharge  flow  was  routed  through  a  by-pass  flow  collector  and  by-pass 
discharge  valve  (BDV)  before  entering  the  facility  exhaust  system.  The  BDV  was  used  to 
provide  the  flow  rate  through  the  by-pass  duct  necessary  to  achieve  a  desired  by-pass 
ratio.  The  discharge  air  flowed  through  separate  venturis  before  being  exhausted  to  the 
atmosphere  through  a  noise-attenuating  discharge  stack.  The  compressor  test  was 
conducted  with  a  30-in.-diameter  core  flow  venturi  and  a  0.48-m-diameter  by-pass  flow 
venturi. 

The  CRF  powers  its  test  articles  through  an  electric  drive  system,  which  results  in 
very  accurately  fixed  rotational  speeds.  Municipal  60-Hz  alternating-current  electricity  is 
converted  to  direct  current  before  entering  a  frequency  converter  driven  by  a  9.25-MW 
motor-generator  set.  The  test-article  speed  was  controlled  by  varying  the  frequency  of  the 
power  provided  to  the  22.37-MW  synchronous  electric  motor.  The  test  minimum 
rotational  speed  (min  speed),  the  speed  at  which  computers  gain  control  of  the  rig,  was 
3,544  rpm. 
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